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Abstract—Liquid water management is still a critical issue in 
the improvement of proton exchange membrane fuel cell 
(PEMFC) performance. In this work, for the first time, the 
liquid water behavior and transport inside the cathode of a 
PEMFC with a stirred tank reactor (STR) design, rather than 
the conventional PEMFC flow channel design, are numerically 
studied. The volume of fluid (VOF) method is employed in the 
simulation to track the gas-liquid interface. The capability of 
STR-PEMFC to reduce the liquid water flooding is also 
investigated and verified from the simulation, showing the 
potential of this channel-less type fuel cell in the further 
development.   
Keywords-proton exchange membrane fuel cell; water 
management; volume of fluid; stirred tank reactor. 
I.  INTRODUCTION 
Generally, fuel cells can be classified into five major types 
according to the electrolyte used: the phosphoric acid fuel cell 
(PAFC), the solid-oxide fuel cell (SOFC), the alkaline fuel cell 
(AFC), the molten carbonate fuel cell (MCFC), and the proton 
exchange membrane fuel cell (PEMFC) [1]. Among these types 
of fuel cells, PEMFC has been considered as one of the best 
potential candidates for vehicle and distributed power 
applications, mainly because of their low operating 
temperature, high power density, and good start-stop cycling 
durability. However, PEMFCs suffer from a water management 
problem that may cause a decrease in power output. Because 
the operating temperature of a PEMFC is under 100°C (usually 
50–100°C), water generated from the electrochemical reaction 
easily condenses into liquid water and accumulates in the 
cathode. 
Channels in the bipolar plate of the PEMFC can distribute 
the gas flow and remove excess liquid water, which is an 
effective way to improve the water management [2]. Many 
different types of flow field channel designs have been 
developed so far and most of them can be classified into three 
categories: parallel, serpentine, and interdigitated. In 2004, an 
innovative PEMFC with a porous layer connected to a stirred 
tank reactor (STR) rather than conventional gas flow channels 
was developed by Benziger et al. [3]. This STR PEMFC 
provides ideally suitable approaches to examine the fuel cell 
dynamics in the reaction and transport processes. The further 
experiments and analysis of the operating STR fuel cell were 
also reported by Hogarth and Benziger [4]. The results showed 
that compared to the conventional PEMFC with serpentine 
channels under humidified feeds or dry feeds, the STR fuel cell 
with dry feeds can provide higher power density and voltage at 
high current density. The features of this channel-less PEMFC 
include “dry-feeding, auto-humidification and self-draining” 
[4]. These research works by Benziger et al. [3, 4] not only 
revealed a simplified method for the PEMFC design, operation 
and control, but also indicated the remarkable advantages of 
auto-humidification in the commercialization of PEMFCs. 
However, no research to date has investigated the liquid water 
behavior and transport inside the STR PEMFC.  
Comparing with other numerical models applied in the 
simulation of water management in PEMFCs such as the two-
fluid model [5–7] and the mixture model [8–10], the volume of 
fluid (VOF) model [11] has the advantage of simulating the 
liquid water removal process by tracking the interface between 
the liquid and gaseous phases. In recent years, VOF method 
has been recognized as the most popular approach in the 
simulation of gas-liquid two-phase flow in PEMFCs [12] and a 
series of numerical studies have been reported in this area [13-
19].  
In this study, a three-dimensional, two-phase flow model is 
developed to study the gas-liquid dynamics in the cathode of a 
PEMFC with STR flow field design. The corresponding 
simulations are conducted by using the VOF method. The 
liquid water general transport and emerging process are 
presented and discussed. 
II. NUMERICAL MODEL DESCRIPTION 
A. Computational Domain and Boundary Conditions 
The numerical simulation domain (Fig. 1) is an STR 
PEMFC cathode, having similar dimensions to Hogarth and 
Benziger’s model [4], consisting of a porous layer connected to 
a stirred tank reactor rather than conventional gas flow 
channels. 
The porous layer is 0.019 m × 0.019 m × 0.0003 m (in the 
X, Y and Z direction respectively). The attached STR is 0.015 
m × 0.015 m × 0.0017 m and has an open rectangular plenum 
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as the gas flow field, minus four distributed pillars at intervals 
of 0.003 m in the X-Y plane. The dimension of these pillars is 
0.003 m × 0.003 m × 0.0017 m. A gas inlet channel and an 
outlet channel with the same dimensions as the pillars are 
connected to the STR and distributed on the diagonal corners. 
Gravity acts along the diagonal of the plenum connecting the 
gas inlet and outlet channels and is directed toward the outlet. 
The porosity of the porous layer is 0.3. 
The no-slip boundary condition is applied to the walls in 
STR model. The liquid mass flow rate is set as 1.331×10
-4
 kgs
-1
 
and the gas mass flow rate is set as 6.615×10
-5
 kgs
-1
. The 
pressure outlet boundary condition is applied at the outlet. The 
contact angle for the side walls of plenum, upper walls of 
plenum and walls of porous layer are 53°, 43° and 130° 
respectively.   
 
Figure 1. Computational domain of STR model. 
B. Computational Methodology 
The VOF method is employed in the present study to track 
the gas-liquid flow interface. Air is considered as the gaseous 
phase and liquid water is considered as the liquid phase. The 
fluid flow is laminar because of the low flow velocity and the 
small size of the channels. Heat transfer and phase changes are 
not considered in this study to reduce the computation time. 
The simulations are conducted using the commercial software 
package ANSYS Fluent. The governing equations for VOF 
method are the same as those employed in our previous work 
by Wang and Zhou [15]. 
C. Grid Independency  
The computational domain of the STR model is meshed by 
167,400 cells with a total volume of 4.602×10
-7
 m
3
. The cell 
size is approximately 1.67×10
-4
 m in the X and Y directions, 
whereas the dimensions in the Z-direction are 1.4×10
-4
 m in 
the plenum domain and 5×10
-5
 m in the porous layer domain. 
This grid size has been validated for PEMFC-related 
simulations by Le et al. [14], and the grid independency check 
is achieved by increasing and decreasing certain percentages 
of grid cells.   
III. RESULTS AND DISCUSSION 
A. General Process of Liquid Water Transport in STR Model 
  
(a)  (b) 
  
(c) (d) 
  
(e) (f) 
Figure 2. General liquid water transport in the STR model. 
Fig. 2 shows the general process of liquid water transport 
over time at several selected time instants, which can be 
divided into the following sub-processes: 
1) The liquid water generated from the electrochemical 
reaction is supplied continuously from the liquid inlet 
boundary, i.e., the back surface of the porous layer. 
2) The liquid water migrating through the porous layer 
reaches the interface between the porous layer and the 
plenum, first at the four corners (Fig. 2(a)), then at the 
peripheral edges of the plenum domain and the edges 
of four pillars (Fig. 2(b)). 
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3) Liquid water passes through the interface and emerges 
along the sidewalls of the plenum domain and also at 
the sidewalls of each pillar (Fig. 2(c)). Some liquid 
water emerges from the circumjacent areas near the 
pillars as well (Fig. 2(d)). 
4) The liquid water emerging from the peripheral edges of 
the plenum domain and from the edges of the pillars 
merge together with the liquid water from the 
circumjacent areas near the pillars, forming a “tooth 
shape” (Fig. 2(e)). 
5) As more water enters the plenum, the areas below the 
pillars become flooded. With the force of gravity and 
the gas flow, the liquid water drains out of the 
computational domain through the outlet channel (Fig. 
2(f)). 
B. Liquid Water Distribution in Plenum 
  
(a)  (b) 
  
(c) (d) 
Figure 3. Liquid water distribution on plenum plane near interface (Z = 
0.00031 m) in the STR model. 
Fig. 3 shows the liquid water distribution on the X-Y plane 
extracted from the plenum domain at Z = 0.00031 m, which is 
very close to the interface of the porous layer. At first, liquid 
water emerges from the peripheral edges of the plenum domain 
and the edges of pillars (Fig. 3(a)), especially the lower edges. 
Subsequently, water emerges from the circumjacent areas near 
the lower sides of the four pillars and also the upper sides of 
the top pillar and gradually merges with the water from the 
edges of plenum (Fig. 3(b)), forming tooth-like shapes (Fig. 
3(c)). Finally, the lower areas near the pillars become flooded, 
as well as the areas near the peripheral edges of the plenum 
(Fig. 4(d)). It can be observed that the liquid water appears 
mainly in the lower part of the plenum, which is caused by the 
direction of gravity and the locations of the inlet and outlet 
channels. 
 
IV. CONCLUSIONS 
In this study, the gas-liquid behavior inside an STR 
PEMFC is numerically investigated through the VOF method. 
The liquid water general transport process and liquid water 
distribution in the Plenum are presented and discussed. It is 
found that a PEMFC cathode with the STR design has a 
promising capability for water drainage, so that the fluid flow 
field in the STR model rarely becomes blocked or fully 
flooded, which weakens the reduction of the power density of 
fuel cell. These numerical results verify that self-draining 
liquid water is one of the merits of the STR PEMFC, which 
has been noted by Hogarth and Benziger [4]. 
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